The following article is the first to appear in a new section of New Horizons in SNI called, "Thinking Outside the Box". The goal of this new section is to take an interesting, but as of yet unexplained neurosurgically relevant observations with important clinical implications, and propose a plausible and testable mechanistic hypothesis. In this case, the interesting observation is that many if not most neurofibromas stop growing for long periods of time. The clinically important implication is that if we can understand the molecular mechanisms that retard or arrest neurofibroma growth, then we can: 1) convert growing tumors into non-growing or static tumors, and 2) have the option of performing a biopsy to predict which ones will likely grow and need a surgical resection, and which ones will remain static and can be observed. The mechanistic and testable hypothesis presented here is that many neurofibromas activate senescence pathways that eventually slow and even stop their growth for long periods of time. It is our hope that this section will provide a platform for physicians to voice new ideas, some of which may one day culminate in novel approaches to treat and even cure currently vexing clinical problems.
Michel Kliot, MD of much larger number of tumors than those that come to clinical attention. [10] As a consequence, screening studies for tumors are now grappling with the challenge of determining the risks and benefits of treating early detected asymptomatic masses surgically and/or medically. It is also becoming clear that the risks of treating a tumor ought to be weighed against its natural history, and such incidental neoplasms may behave more differently than symptomatic ones. This dilemma was shown by a recent clinical trial in which male patients with localized prostate cancer randomized to undergo either radical surgical resection or medical observation were shown to have no difference in all-cause mortality over a 12 year period. [26] An excellent example of variable tumor growth is exhibited by patients with Neurofibromatosis-1 (NF1). NF1 is one of the more common familial tumor syndromes with a prevalence of approximately 1 in 3500. [9] NF1 is caused by a germline mutation of this gene on chromosome 17q11.2 that encodes for a large cytoplasmic protein called neurofibromin, [12] a GTPase activating protein. It has an autosomal dominant pattern of inheritance, and both alleles have to be mutated for tumorigenesis consistent with its tumor suppressor role. Thus although every cell has the same germline mutation in one of the NF1 genes, a second hit of the other NF1 gene occurs sporadically and leads to the development of a neurofibroma. This process is very different from metastatic tumors where the original tumor gives rise to satellite tumors. While the penetrance of NF1 approaches 100% by age 20, the severity of the disease is highly variable even among family members with the same germline mutation. [20] A hallmark of NF1 is the presence of multiple neurofibromas and/or at least one plexiform neurofibroma, in association with other neoplastic and non-neoplastic lesions such as optic gliomas, [13, 14] skeletal dysplasias, [7] cardiovascular abnormalities, [8] and neurocognitive deficits. [19] Neurofibromas are neoplasms of cranial and peripheral nerves [6] consisting of a mixture of cell types including Schwann cells. Neurofibromas often exhibit variable growth patterns among patients and even in the same patient [18] Malignant transformation of neurofibromas has been reported to occur at a rate of approximately 2% in NF1 patients. [25] Clinical experience may generate a bias in the surgeon's view of tumors since most patients who come to surgical clinics have masses that are growing and/or symptomatic. Over the past 5 years, one of the authors with a peripheral nerve clinical practice (MK) has operated on over 140 patients with peripheral nerve neoplasms that are either symptomatic and/or growing. He is also following an even greater number of patients with peripheral nerve neoplasms that are minimally symptomatic or not growing.
The mechanisms proposed in this manuscript were prompted by the observation of many examples of neurofibromas that have not grown over many years. One such patient had multiple right brachial plexus neurofibromas with highly variable growth patterns over a 3 year period, during which some tumors enlarged, some became smaller, and some stayed the same size while one neurofibroma in his thigh became malignant [ Figure 1 ]. Another example of variable neurofibroma growth is that of a 37 year-old female with NF1 who had numerous growing and non-growing neuorfibromas, She elected to have eleven of the non-growing as well three of the growing neurofibromas surgically resected in her forearms and hands on both sides to reduce her pain and improve her upper extremity function [ Figure 2 ]. The histological appearance of these growing and non-growing neurofibromas was nearly identical.
MOLECULAR MECHANISMS MEDIATING TUMORIGENESIS IN NF1
While it is important to recognize the neoplasms that have a propensity for progression, we believe it is equally important to understand why the overwhelming majority of neoplasms remain dormant in the setting of NF1. A few mechanistic possibilities can be proposed, and some of these are discussed briefly.
Neurofibromin down-regulates Ras, a key intracellular signaling protein for promoting cell growth and survival. [15, 27] Loss of neurofibromin and unopposed Ras activity has been shown to lead to the activation of the mammalian target of rapamycin (mTOR), [24] mitogen-activated protein kinase (MAPK) pathways, [23] and increased cell growth. [28] However, loss of neurofibromin in Schwann cells is thought to be insufficient for neoplastic growth and likely requires additional genetic or epigenetic events. [29] This suggests that Schwann cells likely initiate but are insufficient to cause neoplastic transformation. Such observations suggest that the consequences of Ras activation depends on the cell type, context and development stage, and in certain circumstances an intact growth arrest and senescence response. [22] A more comprehensive review on this can be found in Zhu et al. [29] 
HYPOTHESIS: THE POSSIBLE ROLE OF SENESCENT PATHWAYS IN ARRESTING THE GROWTH OF NEUROFIBROMAS
The fundamental mechanisms of the disparate growth patterns of neurofibromas in NF1 are unclear, and recent studies have pointed to a number of possible explanations especially oncogene induced senescence which is a barrier to cellular proliferation. [16] In 1997, Serrano et al. reported that activated Ras induces the accumulation of p53, p16, and ARF and triggers cellular senescence in primary cultures. [22] Additionally, recent studies have further demonstrated that Ras, Raf, and PTEN mutations trigger oncogene induced senescence in human tumors and in mouse tumor models. [1, 3, 4, 17] Courtois-Cox et al. found that mutations affecting NF1, Raf, and Ras induce a global negative feedback response that potently suppresses Ras and/or its effectors; moreover, these signals promote senescence by inhibiting the Ras/PI3K pathway, which can impact the senescence machinery through HDM2 and FOXO. [5] This negative feedback program is regulated in part by RasGEFs, Sprouty proteins, RasGAPs, and MKPs. [5] Holtkamp et al. showed that Sprouty gene is downregulated in malignancies associated with NF1 as compared to neurofibromas. [11] and the Sprouty-related gene SPRED 1 has recently been reported to be genetically inactivated in a syndrome with features similar to NF1. [2] These and many other recent studies suggest that in addition to abrogation of the neurofibromin function, the tumors require disruption of the senescence pathways for growth and malignant transformation.
CONCLUSION
Neurofibromas are both common and have extremely variable rates of growth ranging from growth arrest and even regression to slow growth or even malignant transformation with metastatic spread. All these tumor phenotypes can exist in a single patient. The important question of why most neurofibromas remain dormant for decades can lead us to the discovery of critical pathways that keep these tumors in check. Recognition of the critical importance of an intact system that favors senescence in Ras activated tumors allows us to consider a number of important points. First, such tumors are likely to escape senescence if other mutagenic events inactivate cell-cycle check points such as p16 or p53. [22] One cannot imagine a better mutagen than those given for adjuvant therapy in the clinic such as radiation and chemotherapy, which should lead us to question when it is most appropriate to use such modalities in slow growing or non-growing neurofibromas. Second, if it is possible to identify which tumors can undergo senescence and growth arrest, it may be possible to recognize which masses do not require surgical intervention, thereby avoiding potentially significant surgical morbidity. It is quite possible that a multitude of genetic or epigenetic aberrations can abrogate senescence, but it will be critical to understand what should remain intact to keep the Ras activation in the senescent, non-growing mode. We plan to study growing and non-growing neurofibromas in the same patient where the NF1 germline mutation is the same in all cells. The second NF1 mutation that occurs sporadically leads to neurofibroma formation with cellular proliferation that in the majority of cases is arrested. This model offers us the unique and powerful opportunity to test whether these specific molecular mechanisms mediating cellular senescence are responsible for the different phenotypic growth behaviors exhibited by neurobromas. It is an important biological and clinical question that can be defined by a modified version of a famous William Shakespeare quote: To Grow Or Not To Grow, That Is The Question.
